Objectives: To investigate the role of hierarchical micro/nanoscale topography of direct metal laser sintering (DMLS) titanium surfaces in osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), as well as the possible underlying epigenetic mechanism.
| INTRODUC TI ON
Generally, the surface of intraosseous implants could be considered as stem cell niche that instructs stem cells to either self-renew or differentiate. 1, 2 In this local environment, stem cell fate is well known to be controlled by genetic and biochemical mediators. However, increasing evidence has revealed that biophysical properties of the surface, particularly topographical cues, also have substantial influence on cellular behaviours. 3, 4 Previous studies have shown that the topographical features of implant surfaces, such as scale (micro-or nano-), type (grooves, pits or ridges) and distribution (random or ordered), regulate the adhesion, proliferation and differentiation of bone marrow mesenchymal stem cells (BMSCs), [5] [6] [7] [8] [9] [10] [11] and consequently affect the commencement and outcome of osseointegration which is a prerequisite for long-term success of intraosseous implants. Therefore, appropriate topographical features of implant surfaces should be constructed to facilitate the differentiation of
BMSCs into the osteogenic lineage to eventually obtain the desired osseointegration.
Direct metal laser sintering (DMLS), one of the latest 3D printing techniques, can be used to fabricate custom-made intraosseous implants with required microscale surface structures. In this technique, implants with a defined complex geometrical structure and shape are built layer by layer from titanium alloy powder on the basis of a virtual 3D model. 12 Together with acid-etching process, DMLS technique could conveniently provide a specific rough surface with hierarchical micro/nanoscale topography, which mimics the natural bone structure assembled from microscale collagen fibres and nanoscale hydroxyapatite crystals. [13] [14] [15] Implant surfaces with hybrid or hierarchical micro/nanostructures have been shown to outperform those with individual microscale or nanoscale topography in new bone tissue formation. [16] [17] [18] [19] [20] [21] [22] [23] Therefore, DMLS titanium surface is considered a promising intraosseous implant surface candidate, and it is tempting to evaluate the BMSC response to this surface, as well as to further investigate the underlying mechanism.
The mechanism of stem cell differentiation varies widely both in temporal and spatial dimensions, in which dynamic posttranslational modifications at the N-terminal tails of nucleosomal histones have been widely implicated in and are thought to be essential in regulating chromatin functions. 24, 25 For example, the precise control of the trimethylation levels of histone H3 at lysine 4 (H3K4me3) and H3 at lysine 27 (H3K27me3) at gene promoters is crucial to tip the balance towards gene activation or repression. 
| MATERIAL S AND ME THODS

| Specimen preparation
| BMSC adhesion assay and morphological observation
After 6 and 24 hours of culture, samples were fixed in 4% glutaraldehyde, blocked with BSA and stained with rhodamine-phalloidin (Sigma-Aldrich, St. Louis, MO, USA) and DAPI (Sigma-Aldrich) sequentially. F-actin and cell nuclei were visualized under a confocal laser scanning microscope (CLSM) (SP8, Germany). To observe cell morphology, samples were dehydrated in a graded ethanol series after being fixed, dried and deposited with a 10-nm-thick gold-palladium.
The morphology of the attached cells was examined using SEM. 
| BMSC proliferation assay
| Alkaline phosphatase activity analysis
Bone marrow mesenchymal stem cells were seeded at the same density, cultured with and without OI on Ti, SLA and DMLS surfaces.
After 7 and 14 days, cells were collected, sonicated and centrifuged.
Cell lysate aliquots were collected to evaluate alkaline phosphatase (ALP) activity using an alkaline phosphatase ELISA kit (Solarbio). The total protein content was measured using a BCA kit (Bio-Rad, CA, USA). ALP levels were normalized to the total protein content.
| qRT-PCR analysis
After 7 and 14 days of culture with specimens, total cellular RNA was extracted using TRIzol (Gibco). The primers for the osteogenesis-related genes Runx2 and OC are listed in Table 1 qRT-PCR analysis was performed on an Applied Biosystems 7500 system using a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). Housekeeping gene GAPDH was used to normalize the gene expression.
28.
| Immunofluorescence
After 7 
| Ectopic bone formation in vivo
The protocol and procedures employed were ethically reviewed and approved by the Animal Ethical and Welfare Committee. The
BMSCs were cultured on discs for 7 days in vitro with or without OI.
Then, BMSC-coated discs were implanted into back muscle pockets of Sprague Dawley rats. At 6 and 8 weeks after surgery, the implants were harvested together with surrounding tissues. The samples were fixed, dehydrated, embedded in resin and then sectioned.
After HE and toluidine blue (TB) staining, the slices were observed under a fluorescence microscope.
| Chromatin immunoprecipitation assays
The chromatin immunoprecipitation (ChIP) assay was performed as previously described. 29 Briefly, at specified time points during OI, BMSCs cultured on the SLA and DMLS surfaces were crosslinked in 1% formaldehyde for 8 minutes at 37°C. Non-specific rabbit IgG and H3K4me3 or H3K27me3 antibodies (Cell Signalling Technology) were incubated with Protein G beads (Invitrogen) at 4°C for 2 hours. These antibody-bead complexes were then immunoprecipitated with DNA fragments for 12 hours at 4 °C.
The precipitated DNA was amplified using real-time PCR. The 
| Western blot analysis
After 14 days of OI, BMSCs cultured on Ti, SLA and DMLS surfaces were collected, sonicated and then centrifuged. The proteins in the supernatant were transferred to PVDF membranes. The membranes were blocked, incubated with anti-Runx2 antibody (Abcam) and antiH3K4me3 antibody (Cell Signalling Technology) overnight, and incubated with secondary antibody for 1 hour the next day. Finally, the membranes were exposed using an ECL kit (CWBIO, Beijing, China)
to visualize the immunoreactive protein bands.
| Statistical analysis
All experiments were repeated at least 3 times to ensure the validity of observations, and all values are expressed as the mean ± standard deviation (SD). The data were tested for homogeneity and then assessed using one-way ANOVA and the least significant difference test. Error bars represent SD (n = 3). P < .05 was considered significant, and P < .01 was considered highly significant (*P < .05, **P < .01).
| RE SULTS
| Characterization of DMLS titanium surfaces
The fabrication process and resultant titanium disc surfaces with the hierarchical micro/nanoscale topography of DMLS titanium are schematically presented in Figure 1 . As observed by SEM, the topography of the DMLS titanium surface is composed of randomly dispersed interconnected spherical microparticles ( Figure 1B,C) . suggesting that DMLS surface has greater protein adsorption ability than the SLA and Ti surfaces ( Figure 2E ).
| BMSC adhesion and proliferation
To quantify cell adhesion, SEM and CLSM imaging were performed to view both the morphology and number of adhered BMSCs on 3 different titanium surfaces, 6 and 24 hours after seeding. As shown in Figure 3A , the cells spread well and extended with long pseudopodia on the DMLS surface. By contrast, the cell pseudopodia were less extended on the Ti and SLA surfaces. CLSM images ( Figure 3B ) revealed the fewest cells on the Ti surfaces but no significant differences in cell number on the SLA and DMLS titanium surfaces.
As shown in Figure 3C , the cell numbers on the 3 different surfaces were comparable at 1 and 3 days, but a larger amount of cells were observed on the DMLS surface at 5 and 7 days. The growth curves ( Figure 3D ) of 3 groups were all logarithmic. However, BMSC proliferation on the SLA and Ti surfaces reached a plateau on the 5th day, whereas the cells on the DMLS surfaces continued to grow and did not reach a proliferation plateau until day 6 of culture.
| Osteogenic differentiation of BMSCs on DMLS titanium surfaces
After 7 days of culture, ALP activity in DMLS group was higher than that in the other groups with or without OI (P < .05). On the 14th day, ALP activity was more sharply increased in the DMLS group (P < .01) ( Figure 4A ). In addition, relative expression of the osteogenesis- The total protein expression of Runx2 in BMSCs at 14 days after osteoinduction was examined by western blot. Error bars represent SD (n = 3). *P < .05. **P < .01 the total Runx2 protein level in the DMLS group was higher than that in the Ti and SLA groups, as examined by western blot ( Figure 4E ).
| Ectopic bone formation in vivo
HE was used to stain the bone matrix as a uniform acidophilic tis- 
| Epigenetic regulation of Runx2 in BMSCs via DMLS surface topography
To investigate the mechanism of topographical cues of DMLS surface in promoting osteogenic differentiation of BMSCs, global levels of H3K4me3 were measured by western blot and immunostaining assays. After 7 and 14 days of OI, a marked increase in H3K4me3 levels was detected in the cells cultured on DMLS surfaces compared with the levels in the SLA group ( Figure 6A,B) .
Chromatin immunoprecipitation assay demonstrated a bivalent state with co-occupancy by the H3K4me3 and H3K27me3 markers at the Runx2 promoter in BMSCs before OI ( Figure 6C ). Upon induction of BMSC differentiation, the levels of H3K27me3 at the Runx2 promoter rapidly and sharply decreased at day 1, especially in the DMLS group. By contrast, the H3K4me3 level at the Runx2 promoter markedly increased at 7 and 14 days of OI, especially in the DMLS group ( Figure 6C,D) .
| D ISCUSS I ON
The topographical features of material surface are known to modulate the adsorption and conformation of extracellular matrix (ECM)
proteins, and adsorbed ECM proteins act as extracellular ligands to specifically bind to cell receptors and mediate cell adhesion.
30-33
Thus, protein adsorption is the very first biological event of cellmaterial interactions. Generally, protein adsorption is affected by a range of surface properties, especially hydrophilicity and topography. [33] [34] [35] For example, Ko et al 36 reported that a hydrophilic surface could strengthen the binding of adhesion proteins to the surface.
De et al 37 reported that fibronectin in medium selectively adsorbs F I G U R E 5 Ectopic bone formation. Haematoxylin and eosin (HE) and toluidine blue (TB) staining on the hard tissue slices, 6 and 8 weeks after the implantation of Ti, SLA and direct metal laser sintering (DMLS) titanium specimens onto the ridge/groove boundaries of microgrooved metallic surfaces. In this study, DMLS surface was found to be more hydrophilic, and its hierarchical micro/nanoscale topography exhibited greater protein adsorption ability than the SLA and Ti surfaces. Therefore, the DMLS surface was concluded to be favourable for cell adhesion, and it could also provide a better microenvironment to instruct stem cells to differentiate, which were unequivocally corroborated by the following results.
As illustrated by the SEM and CLSM analyses, cells on the DMLS surface exhibited faster adhesion and greater extension than those on SLA and Ti surfaces. One possible reason is that the hierarchical micro/nanoscale topography of DMLS surface could provide more protein binding sites to the integrins on the cell membrane, and in turn improve integrins clustering into focal adhesion complexes.
1,2,38
In addition, once a cell-material junction is established, unbundled actin-fibril-driven filopodia allow the cell to probe the surface structures. 39 During this process, F-actin bundles come into forming as response to the hierarchical topography, giving rise to larger fingerlike filopodia. [39] [40] [41] As further F-actin polymerization is induced by the topographical cues, 39, 42 sheet-like lamellipodia appear between the matured filopodia, 43 resulting in enhanced cell extension. In this study, attached cells on the DMLS surface exhibited a well-spread shape with more polygonal lamellipodia than those on SLA and Ti surfaces, verifying that hierarchical micro/nanoscale topography of DMLS surface has greater capability to promote cell adhesion and pseudopodia extension.
Mediated by alterations in cell adhesion and extension, stem cells would further respond to surface topographical features with changes in cell proliferation and differentiation. 39 It has been reported that combined micro/nanoscale surface topography is more favourable than individual microscale topography for cell proliferation. 22, 44 However, a debate emerged in response to data showing unfavourable cell proliferation on nanogroove or nanotube topography compared to that on smooth control. 45, 46 According to our data, the hierarchical micro/nanoscale topography of DMLS surface seems to delay the emergence of the plateau phase rather than accelerate the rate of cell proliferation, thus increasing the cell number at maximal confluence. It was posited that a fine-tuned balance between proliferation and differentiation was achieved on DMLS surface, which would provide an ideal situation for bone growth and repair. 46 For cell differentiation, previous studies on surfaces possessed both microscale roughness and a high density of nanoscale features showed that osteogenic differentiation was greatly enhanced.
22,23
That was confirmed by our results. In this study, cells cultured on the DMLS surfaces exhibited significantly higher Runx2 and OC expression levels and higher ALP activity compared with those on SLA and Ti surfaces. Moreover, the total Runx2 protein level in the DMLS 
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